A chip-based array of near-identical, pure, heralded single photon
  sources by Spring, Justin B. et al.
A chip-based array of near-identical, pure, heralded single photon sources
Justin B. Spring,1 Paolo L. Mennea,2 Benjamin J. Metcalf,1 Peter C. Humphreys,1 James C. Gates,2 Helen L. Rogers,2
Christoph So¨ller,1 Brian J. Smith,1 W. Steven Kolthammer,1 Peter G. R. Smith,2 and Ian A. Walmsley1
1Clarendon Laboratory, University of Oxford, Parks Road, Oxford OX1 3PU, UK
2Optoelectronics Research Centre, University of Southampton, Southampton, SO17 1BJ, UK
(Dated: November 6, 2018)
Interference between independent single photons is perhaps the most fundamental interaction in
quantum optics. It has become increasingly important as a tool for optical quantum information
science, as one of the rudimentary quantum operations, together with photon detection, for gener-
ating entanglement between non-interacting particles. Despite this, demonstrations of large-scale
photonic networks involving more than two independent sources of quantum light have been limited
due to the difficulty in constructing large arrays of high-quality single photon sources. Here, we
solve the key challenge, reporting a novel array of more than eighteen near-identical, low-loss, high-
purity, heralded single photon sources achieved using spontaneous four-wave mixing (SFWM) on a
silica chip. We verify source quality through a series of heralded Hong-Ou-Mandel experiments, and
further report the experimental three-photon extension of the entire Hong-Ou-Mandel interference
curves, which map out the interference landscape between three independent single photon sources
for the first time.
Quantum states of many particles offer an opportunity
to study the rich physics of large-scale quantum corre-
lations. Light provides the possibility of building such
quantum states under ambient conditions, both because
photons are robust to dephasing due to minimal inter-
action with their environment and one another, and be-
cause entanglement can be generated between photons
allowing the observation of strong quantum phenomena
in everyday settings [1, 2]. Consequently, quantum op-
tical networks are expected to enable new technologies
- spanning communications, distributed sensing, simu-
lation, and computation - characterized by performance
that dramatically exceeds their classical counterparts [3].
Entanglement can be established across such a quan-
tum network through quantum interference of indepen-
dent single photons and measurement using a photode-
tector [4]. The archetype of this interaction is the Hong-
Ou-Mandel (HOM) effect [5], whereby two photons from
independent sources coalesce at a beam splitter, always
leaving at the same output. Remarkably, this approach
enables the generation of entanglement directly from the
bosonic properties of the underlying fields, without the
necessity for the photons to interact directly.
A key challenge is scaling this approach to generate the
large entangled networks necessary in many technologi-
cal applications. Over the past decade, rapid progress
has been made in developing several of the elements
necessary to construct such large-scale quantum optical
states. High efficiency photon-counting detectors [6], ac-
tively programmable circuits [4, 7], and quantum mem-
ories have all been demonstrated [9]. A significant re-
maining obstacle is the demonstration of arrays of many
quantum light sources that deliver single photons with
low loss, high purity, and sufficient control of the full
photonic modal structure that allows high quality inter-
ference.
The main approaches to preparing single photons in
such states are either to place a single emitter in a high-
finesse cavity or to use a nonlinear optical process by
which photons are produced in pairs by spontaneous scat-
tering, and the detection of one heralds the presence of
the other [10]. Both approaches offer routes to determin-
istic photon generation, though the latter requires effec-
tive routing of multiple pair sources [11]. Despite this
complication, heralded photon-pair sources have become
the de-facto standard for generating quantum states of
light for networking by virtue of their ease of use and
operation in ordinary laboratory conditions.
State-of-the-art experiments have investigated the
quantum interference of light originating from three and
four independent sources. Experiments of this scale, how-
ever, have required source imperfections to be compen-
sated by narrow spectral filtering, long data collection
times, and post-selected fidelity measures to show evi-
dence of non-classical behavior [12–14]. These current
photon-source limitations have prohibited detailed stud-
ies generalising the HOM effect beyond two independent
photons despite its wide-ranging utility in a number of
important technologies [4, 5, 15, 17–19].
Recently, integration of photon pair sources on-chip
has been recognized as one of the most promising ap-
proaches to scaling due to their small size, direct compat-
ibility with integrated photonic architectures, reduction
in required pump power, and potentially exquisite con-
trol of the populated optical modes [10, 21–23]. Unfortu-
nately, fabrication imperfections or material limitations
frequently spoil this dream. Optical loss is a key param-
eter for any quantum light source and on-chip sources
frequently suffer from large losses due to high scattering
and outcoupling mode mismatch [23–25]. In addition,
the phase-matching conditions for the spontaneous scat-
tering process are highly sensitive to optical dispersion.
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FIG. 1. An array of heralded single photon sources on a silica photonic chip. A series of straight waveguides are
fabricated via UV-laser writing in a germanium-doped silica-on-silicon photonic chip, each of which constitutes its own heralded
single photon source. Spontaneous four-wave mixing (SFWM) is achieved through birefringent phase matching and generates
correlated pairs of photons. Each source is pumped using the same pulsed laser centred at 736 nm and the marginal spectrum
of each heralded photon is recorded using a single-photon spectrometer. We find a mean spectral overlap of 98± 0.4% between
the 18 sources, indicating that we have succeeded in fabricating many identical sources on a single chip. An example output
spatial mode of the source is shown in the inset which has a > 98% overlap with a single-mode fibre (Nufern 780-HP shown).
Even small non-uniformity in fabricating the waveguide
structure can impart large changes in the joint spectrum
of a generated photon pair. Further, poor dispersion
control can introduce undesired residual frequency cor-
relations between photon pairs which reduces heralded
state purity, and thus the quality of interference. While
recent experiments have managed to integrate two [23]
and four [22] individual photon pair sources on the same
chip, they did not demonstrate the single photon purity
necessary for performing heralded multi-photon quantum
interference experiments.
Here we solve the problem of generating multiple inde-
pendent pure-state photons for the first time by means
of a micro-fabricated waveguide array that contains 18
near-identical heralded single photon sources. We use
our novel light source to map out, for the first time, the
entire third-order correlation function arising from the
interference of three independent single photons, show-
ing genuine three-particle quantum interference.
Spontaneous Four-Wave Mixing in Silica
Our source array consists of a series of straight waveg-
uides fabricated by UV-laser writing of a silica-on-silicon
photonic chip (figure 1). The silica waveguides show low
propagation loss and guide nearly-circular spatial modes
(see inset to figure 1) that are nearly identical to those
of a silica fibre. Each source is operated by injecting a
pulse of horizontally polarized pump light. Spontaneous
four-wave mixing (SFWM) is achieved through birefrin-
gent phase matching (see supplementary information)
and generates the desired pairs of photons with vertical
polarization. Appropriately matching the pump charac-
teristics and phase-matching condition in the waveguides
results in pairs of photons correlated only in their pho-
ton number, eliminating any excess frequency-time en-
tanglement [10, 26], thereby enabling heralded photons
of high purity without the need for narrowband spectral
or temporal filters. We use a nearly transform-limited
pump pulse with a 4.5-nm bandwidth and 736-nm central
wavelength to generate photons centered at 670 nm and
817 nm (see joint spectrum in figure 2(b)). After the chip,
the pump is removed with polarising optics and broad-
band spectral filters, while the photon pair is divided
with a dichroic beam splitter and coupled into separate
single-mode optical fibres (see supplementary figure S1)
Each source is individually characterized by monitor-
ing the two output fibres with silicon avalanche photo-
diodes (APDs) while pump pulses of 1 nJ pulse energy
and ∼ 160 fs pulse duration are injected at a rate of
80 MHz. The heralding efficiency ηH is the probability
that if a herald photon is detected, a photon in the her-
alded mode will be observed. We measure ηH = 31% (see
supplementary information), for which the APDs are the
dominant cause of inefficiency, and measure a coupling
efficiency of > 80 % from the waveguide into single mode
fibre making this source potentially useful for a range
of loss-critical quantum applications [27–29]. Although
we observe some fluorescence noise in both modes of the
source (see supplementary information), this can be al-
most entirely removed by time-gating our measurements
to within ∼ 1 ns of the pump. This effectively filters
the time-uncorrelated fluorescence signal whilst not af-
fecting the single photons that have a duration ∼ 1000×
shorter than this gating window. For the remaining work,
the shorter-wavelength signal photon is used as the her-
ald photon. We then measure an intensity autocorre-
3lation g
(2)
H = 0.03 of the heralded field, signifying good
single-photon statistics, with the predominant error aris-
ing from multipair generation. At these conditions, her-
alded photons are detected at a rate of ∼ 200 kHz.
Whilst these excellent single-source characteristics are
a pre-requisite for use in any quantum-enhanced proto-
col, it is the construction of a large array of well-matched
sources that has so far hindered the scaling of quan-
tum photonic experiments. Critically, in the present de-
vice, we find the phase-matched wavelengths of the signal
and idler photons for each of our sources are highly uni-
form, indicating a nearly constant birefringence across
the entire silica-on-silicon wafer. The fabrication of the
wafer by flame hydrolysis deposition is a well-developed
technique widely used in classical photonics [30]. This
method achieves a uniformity of the substrate birefrin-
gence of δ(∆n) < 1×10−6 which allows us to construct an
unprecedented number of identical single photon sources
on the same chip.
As a exacting test that these waveguides are truly in-
distinguishable sources of pure single photons, a series
of heralded two-source Hong-Ou-Mandel (HOM) inter-
ference experiments are performed pairwise between five
different sources on the same chip, as shown in figure 2.
The output of each of four sources is interfered sepa-
rately with a common reference source on a balanced
fibre beam splitter to confirm near-identical, high purity
emission among the entire set. An FPGA monitors the
four-fold coincidences as an optical delay stage is scanned
to record the HOM interference curves (see supplemen-
tary information). From the HOM curve we calculate the
interference visibility as V = (P (∞)−P (0))/P (∞), where
P (τ) is the measured coincident probability at a time
delay τ . The experimentally observed interference visi-
bilities closely match theoretical predictions in all cases
while the similarity of raw and background-subtracted
visibilities is consistent with minimal noise in heralded
emission. We note that the five sources explored here
form one representative subset of the 18 sources on the
chip, highlighting the potential scalability of this archi-
tecture.
Interference of three heralded single photons
This breakthrough in single photon source engineer-
ing; an array of identical, pure, heralded single photon
sources with sufficiently low-loss and high brightness to
operate many of them simultaneously, allows us to go
beyond previous studies of two-photon interference and
explore the critically important regime of interference of
multiple, independent single photons. This class of inter-
ference underpins all linear optical quantum communica-
tions, simulation and computing schemes, and obtaining
high-fidelity operations based on interference is vital to
understand the possibilities for scaling photonic systems
to a useable capacity. Here, we show that our platform
provides a route to large-scale photonics by performing
an in-depth study of the entire interference landscape of
three heralded photons for the first time. The quantum
interference of three heralded single photons is studied
by injecting the photons into a balanced three-port beam
splitter (a fibre-based tritter). The action of this tritter
is described by a unitary matrix that maps the input
field operators, aˆ†i to the output field operators bˆ
†
i with
bˆ†i =
∑
j Ui,j aˆ†j , where the fibre tritter implements the
unitary transformation:
U = 1√
3
1 1 11 ei2pi/3 ei4pi/3
1 ei4pi/3 ei2pi/3
 . (1)
By varying the optical time-delay of the input states, we
measure the full three-time third-order correlation func-
tion of the output photon statistics for each of the possi-
ble output combinations. Six-fold coincidence counts are
recorded as a function of the two time delays using an ar-
ray of silicon APDs and a custom FPGA-based counting
unit. A second fibre-tritter is connected to one of the out-
put modes to achieve pseudo photon-number resolution.
The signal modes of each source pass through a broad
spectral filter (∆λ ∼ 10 nm), the bandwidth of which is
larger than the full width of the marginal spectra. This
increases the purity of the heralded photons without sig-
nificantly reducing the source brightness [10]. The re-
sults of this three-photon generalisation of the Hong-Ou-
Mandel experiment are shown in figure 3. The average
six-photon coincidence count rate is 0.41 Hz [8], allowing
us to collect enough data to resolve subtle features in the
third-order correlations among modes after interference.
The complicated structure of even these third-order
correlation functions is indicative of the complexity in
collective many-photon interference [32]. To our knowl-
edge this represents the first time such an entire third-
order, three-time correlation surface has been mapped
out experimentally. This allows us to observe directly
the non-monotonic behaviour of the correlation functions
as the distinguishability of the photons is changed, by
adjusting the relative delays of the interfering photons,
and can be seen in the plots of the |111〉 and |300〉 out-
put terms. Such behaviour is realised only for quantum
interference between more than 2 photons [33]. Further,
this full correlation function clearly shows the distinction
between two and three photon interference. In particu-
lar, we find the |210〉 output term is time-delay invari-
ant if one photon always remains distinguishable. The
complete absence of any two-photon interference effect is
accompanied by a three-photon interference term which
theoretically has unit visibility. We find this dip occurs
when all photons arrive simultaneously (i.e. τ1 = τ2 = 0)
and provides strong evidence for genuine three-photon in-
terference. In fact, the suppression of this |210〉 term de-
rives from the more general Fourier suppression law [34]
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FIG. 2. Heralded HOM interference experiments (a) The uniformity of UV-written SFWM sources is first quantified by
measuring λi−λs for 18 different guides on the same chip. The full marginal spectra for each of the 18 idler photons are shown
in figure 1. The errorbars represent the 1−σ widths of each marginal spectrum. The five sources shown in the box are selected
for the two-source HOM-interference experiments. (b) The calculated Joint Spectral Amplitude (JSA) for our source. The
yellow lines indicate the bandpass filters applied to each photon. This filtering removes residual spectral correlations between
signal and idler and thus improves the heralded state purity from 87% to 97%, whilst still transmitting > 92% of the generated
single photons and without affecting the heralding efficiency. (c) Results of a series of HOM interference experiments using five
waveguides, taking the heralded emission from two sources at a time. Blue bars indicate background subtracted results, while
squares show raw visibility results. The maximum expected visibility, V nmax = 0.97, is shown as a dashed line. This is due to
the slight angular offset between the two herald photons providing a different bandpass from the shared spectral filters. This is
a constraint of our bulk optics and is not intrinsic to the source; using dedicated filters for each individual source would restore
V nmax > 0.99.(d) Example two-source HOM interference data showing the reduction in heralded two-fold coincidences as the
optical delay of one photon is scanned past the other.
that has been suggested as a stringent test of the genuine
quantum interference between many single photons [35].
Discussion
A full model was constructed to analyse the depen-
dence of photon statistics on residual photon distin-
guishability, purity and higher-order SFWM pair emis-
sion (see supplementary information). The results from
this model are shown in figure 3. In order to quantify
our experimentally observed three-photon visibilities, we
ran a separate experiment setting τ1 = 0 and adjusted
τ2 to introduce complete distinguishability. This one-
dimensional scan allows collection of sufficient data to de-
termine the three-photon interference contrast with high
precision. The results are plotted in figure 3. The ex-
pected visibilities for classical, phase-averaged, coherent
state inputs are calculated and plotted as black dashed
lines. The magnitudes of the measured visibilities clearly
exceed these classical bounds. The experimentally mea-
sured effective squeezing parameter and source loss was
used to model the effects of higher-order SFWM pair
emission (see supplementary information). Further, the
expected photon state purity as calculated from the theo-
retical joint spectral amplitude, together with the overlap
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FIG. 3. Experimental interference of three independent heralded photons in a tritter. Top - Theoretical output
probabilities, P111, P210 and P300 for ideal single Fock state inputs as a function of the delays of the impinging photons. Bottom
- Measured three photon interference data. The data constitute over 340, 000 six-photon events detected in 10 days, a data
rate of 0.41 Hz, using commercial APDs. Three heralded photons are coupled to a 3x3 fiber splitter with the resulting number
statistics collected as two delay stages scan through the point of maximum indistinguishability (plot centers). Pseudo-number
resolution is obtained (for N210 and N300) by relying on additional fiber beam splitters and extra APDs.
of the measured marginal spectra, were used to include
the effects of residual distinguishability and mixedness
(see supplementary information). The results from this
model are plotted as gray shaded boxes and agree very
well with our measured results, confirming we have un-
derstood the primary sources of error. Importantly, we
find that over 90% of the visibility reduction is due to
higher-order pair emission, which can be made arbitrar-
ily small by reducing the pump power per source or using
photon number resolving detectors on the herald arm.
In conclusion, we have demonstrated a new platform
for constructing large numbers of identical heralded sin-
gle photon sources. The ability to operate these arrays of
low-loss, high purity, on-chip sources will be increasingly
critical as experiments scale to building and manipulat-
ing yet larger quantum states of light. This work has
already allowed us to map out, for the first time, the
three-photon generalisation of the Hong-Ou-Mandel in-
terference landscape between independent photons. Our
modeling indicates that the observed visibilities are a re-
sult of true tripartite interference and highlight the im-
portance of minimizing loss, not only for increasing data
rates, but in reducing the relative contribution of multi-
pair emission to the observed click statistics [7].
Our results benefit both future source engineering and
fundamental science efforts. Such source arrays are an
important component in engineering near-deterministic
photon sources through active multiplexing [11, 37].
These would be useful in a wide range of quantum-
enhanced technologies including metrology [28], commu-
nication [38], simulation [39], and computation. How-
ever, even without multiplexing, an array of sources like
that presented here is a valuable tool to probe the com-
putational power of quantum systems [40–42].
METHODS
Waveguide fabrication
The waveguide circuit used in this work was fabricated by the di-
rect UV-writing technique utilizing silica slab waveguides deposited
via flame hydrolysis deposition on a silicon substrate [30]. The indi-
vidual waveguides were written by focusing a continuous-wave UV
laser (244 nm wavelength) onto the germanium doped silica pho-
tosensitive waveguide core and translating the laser beam trans-
versely to the surface normal with computer-controlled 2D motion.
The core layer is 4.8µm thick with a step profile and the waveg-
uides are laterally Gaussian in profile, formed as a result of UV-
induced permanent refractive index change inside the photosensi-
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FIG. 4. Measured and modeled interference visibili-
ties. For all results, τ1 = 0 and τ2 is scanned and the mag-
nitude of the visibility is plotted. Our measured results are
shown by the blue crosses. The shaded box represents the
modeled visibility for three single photons, including the ef-
fects of higher-order pair emission and residual distinguisha-
bility. The errors on this model were estimated using a Monte-
Carlo method taking into account the uncertainties in the
model parameters. Black solid lines indicate the maximum
theoretical visibility for ideal Fock state inputs for which the
full interference landscape is plotted in figure 3. Black dashed
lines indicate the maximum visibilities for classical coherent
state inputs.
tive waveguide core layer. Single-mode operation was observed for
pump, signal and idler photons with a typical mode field diameter
of 5.5µm at the pump wavelength. The source waveguide propa-
gation loss was measured to be 0.4 dB/cm at the pump wavelength
of 736 nm. The guides are L = 2.3 cm long and are separated by
either 50µm, 100µm or 250µm which confirms the ability to write
many guides close to one another as well as being compatible with
standard fibre-v-groove spacing for later integration. The three ad-
jacent guides used for the three-photon experiments presented in
this work were spaced by 50µm and were coupled using a single
aspheric lens. While dozens of guides fit on the chip, the results in
this paper are drawn from a representative subset.
Spontaneous four-wave mixing in silica
Phasematching SFWM in a birefringent waveguide is key to
mitigating the main noise source in silica sources because the red
frequency-detuned idler can be shifted far beyond silica’s Raman
gain peak[26, 43]. The consolidation process during silica layer fab-
rication results in a permanent stress between the planar layers due
to the different coefficients of thermal expansion. This permanent
stress manifests optically as a uniform birefringence across the en-
tire wafer, naturally aligned with the chip axes. The magnitude of
this birefringence can be controlled via the dopants incorporated
into the glass. The birefringence of the chip used in this work
was inferred to be ∆n = 1.25 × 10−4. The We quantify suppres-
sion of undesired higher-order photon emission via the heralded
second-order coherence of the heralded mode, g
(2)
H (0). Perfect sin-
gle photon sources achieve g
(2)
H (0) = 0. We measure g
(2)
H (0) = 0.08
at the pump powers used for the six-photon experiments which
is competitive with other heralded sources (see supplementary in-
formation). Fluorescence also contributes some noise but can be
almost entirely removed with additional temporal and spectral fil-
tering. These filters can be made very broad with respect to the
single photon wavepacket and thus we can remove this noise with-
out affecting the source loss (see supplementary information). Im-
portantly, these high purity silica waveguides do not suffer from sig-
nificant free carrier absorption which allows one to decouple source
flux from source loss. In this way, it is possible to achieve high
single photon production rates without inducing additional loss.
Spectral factorability
Undesired entanglement in the spectral degree of freedom leads
to reduced purity in the heralded mode when broadband detectors
are used. Narrow spectral filters can be used to decrease detector
bandwidth, and thus improve purity and interference contrast, but
at the cost of reduced source flux. Therefore, we wish to avoid
narrow filters and instead emit directly into spectrally factorable
signal and idler modes. The two photon component of the state
emitted by our SFWM sources is
|ψ〉 =
∫∫
dωsdωif(ωs, ωi)|ωs〉|ωi〉 (2)
where the joint spectral amplitude f(ωs, ωi) =
∫
dω′α(ω′)α(ωs +
ωi − ω′)φ(ωs, ωi) is a function of the pump envelope α(ω) and
phasematching function φ(ωs, ωi) = sinc(∆kL/2)exp(i∆kL/2) for
a source length L and ∆k = 2kp − ks − ki where kx = nxωx/c
is the momentum of a photon with frequency ωx in a dielectric of
index nx[26, 44]. We wish to engineer spectrally factorable emission
which requires f(ωs, ωi) = g(ωs)h(ωi)[45], where the exact forms of
g(ω) and h(ω) are not important. This factorable emission implies
that the reduced state in the heralded mode, given detection of the
herald, will be pure, which is a prerequisite for the high visibility
interference demonstrated here. In silica, the group velocity of
the pump lies between that of the signal and idler which allows
near spectral factorability when ∆λpL = γ where γ is a constant
that depends on the dispersive properties of the dielectric. For our
sources with L = 2.3 cm, we maximize spectral factorability with
∆λp = 4.5 nm.
Modeling interference visibilities
We account for distinguishability and residual spectral mixed-
ness among our three photons by using the multi-dimensional per-
manent of a tensor matrix[6]. This method requires quantifica-
tion of distinguishability and photon purity parameters. The pho-
ton state purity is estimated using the calculated Joint Spectral
Amplitude as shown in figure 2, taking account of the non-ideal
placement of the spectral filters, from which we estimate a sin-
gle source purity of 0.97. Using the background subtracted inter-
ference visibilities in figure 2, we estimate the remaining spectral
distinguishability between the sources to be 0.98. Higher-order
SFWM pair emission is modeled by iterating through all the ways
in which a photon could be lost or multiple photons impinge on
a single APD leading to an errant six-photon detection. Using
the measured second-order correlation function and heralding effi-
ciency (see supplementary information), we calculate λ2 ∼ 0.025,
for our state, |Ψ〉 = √(1− λ2)∑∞n=0 λn |nn〉. At each iteration,
we determine the probability of the input leading to the specified
output by calculating the permanent of a matrix that describes our
lossy experiment. This model offers the advantage of not requiring
the full output state to be calculated, which includes many terms
7that cannot contribute to our data set. While computation of per-
manents becomes intractable for larger matrices[47], most current
experiments operate at smaller scales where the model described
here offers a relatively fast method to quantify the effects of both
photon distinguishability and higher-order pair emission.
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9SUPPLEMENTARY INFORMATION: A CHIP-BASED ARRAY OF NEAR-IDENTICAL, PURE,
HERALDED SINGLE PHOTON SOURCES
EXPERIMENTAL SETUP
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Supplementary Figure S1. Experiments consist of (a) photon generation by heralded emission and (b) quantum
interference. (a) Sources are pumped by pulses from an 80-MHz Ti-Sapphire laser oscillator centered at a
wavelength λp = 736 nm. A folded 4-f line with an adjustable slit (not shown) sets the pump bandwidth to
∆λp = 4.5 nm which maximizes spectral factorability. In our three-source experiment, bulk beam splitters
(not shown) split the pump with two beams transiting adjustable optical delay stages, ∆τ1,2. The three pump
beams are efficiently coupled into separate on-chip waveguides through a single aspheric lens. After the chip,
a polarising beam splitter and broadband spectral filters remove the pump while a dichroic beam splitter
separates signal and idler modes. All modes are coupled to separate single-mode fibers. (b) Signal photons act
as heralds and are coupled directly to APD detectors while idler photons interfere in a fiber beam splitter. An
FPGA (not shown) monitors coincident detection events on all detectors as the delays ∆τ1,2 are scanned. A
second fiber three-port beam splitter is used to achieve pseudo-three-photon resolution with our binary APD
detectors. The two source experiments are similar except one pump path is blocked and a 2-port fiber beam
splitter is used for the interference experiments.
NOISE SOURCES AND THEIR MITIGATION
We diagnose the principal source of noise from our sources and describe its mitigation with a combination of temporal and spectral
filtering.
We apply a strong pulsed pump at λp = 736 nm along the slow axis of our birefringent waveguide and observe the SFWM spectra
shown in figure S2. By switching the pump polarisation to pump the fast axis (which is not phase-matched for SFWM), we can also record
the background spectra. There is significant background evident for both the signal and idler modes shown in figure S2. This noise is not
unique to this particular waveguide, but is representative of all the UV-written SFWM sources. Fluorescence is the likely cause of this
additional noise in our UV-written waveguides.
The noise overlaying the signal mode is potentially caused by the non-bridging oxygen-hole center (NBOHC) defect[1, 2]. This widely-
studied silica defect is comprised of a dangling bond in the lattice (≡ Si−O•) and can be caused by a number of physical mechanisms,
including UV illumination [3]. This defect exhibits a broad luminescence from 600− 700 nm with a peak at 655 nm which lies close to the
SFWM signal. When our waveguides are pumped with a CW laser, the noise indicated by the red plot in the left of Figure S2 disappears
(along with the SFWM). Our hypothesis is that the high pump intensities when using an ultrashort pulsed pump allows for a multi-photon
excitation of an NBOHC defect, which emits over a broad spectral region including that observed in Figure S2 overlapping the signal
mode.
The majority of the background surrounding the idler mode in Figure S2 is also fluorescence. However, since it persists with CW
pumping, it is not from the NBOHC defect described above. While spontaneous Raman scattering has historically been a challenge for
many SFWM pair sources, the > 40 THz detuning of the idler from the pump implies that Raman scattering is minor. This dominance of
the noise by fluorescence, not Raman, is confirmed in Figure S3 where the noise spectrum is measured at two different pump wavelengths.
If the noise is due to fluorescence at a fixed frequency, then the noise spectrum should not change shape. However, Raman emission exhibits
a constant frequency detuning from the pump and thus should shift along with the pump. The right side of Figure S3 demonstrates almost
no change in the background at the two widely separated pump wavelengths, confirming the majority of the noise in these UV-written
guides is due to fluorescence.
Phasematching SFWM over a wide frequency range should, in principle, allow one to move the signal and idler frequencies to a range
where this fluorescence background is minimized. In practice, the currently available pump laser and detectors significantly constrain
adjustability. Our Ti-Sapphire pump laser cannot operate below 700 nm while our silicon APDs monitoring the signal and idler can only
operate in the range 400 − 1000 nm. For the multi-source experiments of interest here, we are further constrained to the most efficient
region of the detectors from 500 − 850 nm. We therefore consistently operate with wavelengths λp≈ 730 nm, λs≈ 665 nm, and λi≈ 815
nm despite the presence of the fluorescence noise shown in Figure S3. Importantly, the proliferation of more efficient detectors at different
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Supplementary Figure S2. A single photon spectrum shows the SFWM signal and idler at λs = 665 nm and λi = 813 nm
respectively (blue) for a pump at 731 nm (not shown). There is significant background (red) on both the signal and idler
modes. Spectral filters attenuate frequencies in the gray shaded areas. In the right plot, polarization dependent loss causes
a systematic offset between the SFWM (blue) and background (red) in the idler mode. In both the left and right plots, the
background (red) extends significantly beyond the plotted regions and is limited here by the spectral filters (gray) and the
spectrometer range.
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Supplementary Figure S3. The spectra from a UV-written SFWM source is measured for two different pump wavelengths, 715
nm (blue) and 750 nm (red). The signal mode is clearly visible on the left plot at the edges of the bandpass filter. In the right
plot, the idler is evident (arrows) on top of a broad background. The shape of this background changes very little with the
pump, which is consistent with fluorescence.
spectral regions, particularly telecom wavelengths, will allow multi-source experiments in these spectral regions where fluorescence noise
may not be a concern.
The background evident in Figure S2 could significantly deteriorate source performance. Noise photons in the heralding mode reduce
ηH by introducing false herald events that are not correlated with any photons in the idler mode. On the other hand, noise in the heralded
mode causes undesired heralding of more than one photon that is reflected in an increased g
(2)
H (0). In both cases, noise reduces the photon
number correlations between the signal and idler modes upon which our source performance relies.
Importantly, we are able to effectively filter this background without significantly attenuating the signal and idler modes, thus maximising
source performance. First, we angle-tune our spectral filters to implement a bandpass filter about the signal and idler modes which is
narrow with respect to the broad fluorescence features but broad enough to allow most (> 92%) of the signal and idler modes through.
The results are shown in Figure S4, which is plotted on the same scale as the spectra using a larger bandpass in Figure S2. Second, we use
a home-built FPGA-based coincidence counting program, with temporal resolution below its own clock period (∼ 400ps), to temporally
filter the majority of the noise. Fluorescence features in silica generally have decay times of microseconds which, for our 80 MHz pulsed
pump, implies a near temporally constant background. Critically, the signal and idler wavepackets are of sub-picosecond duration which
allows us to filter the temporally constant noise from the ultrashort pulsed SFWM by counting in coincidence with a pickoff from the
pump laser. In this arrangement, a herald is a signal photon temporally coincident with a pump pulse.This removes the majority of the
noise without affecting any of the SFWM.
After this filtering, we analyze the number statistics of a single source to quantify ηH and g
(2)
H (0). Tables S1-S2 reveal that this
combination of spectral and temporal filtering allows simultaneously high ηH and low g
(2)
H (0). Table S2 shows the expected behavior that
increasing either the pump power or the width of the temporal filter increases g
(2)
H (0) and thus increases the contribution of higher order
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Supplementary Figure S4. The spectra of the SFWM signal and idler (blue) and corresponding background (red) are recorded
before measuring the ηH and g
(2)
H (0) with APDs. The spectral filters are angle-tuned to narrow the bandpass to minimize the
background while introducing negligible loss on signal and idler.
Supplementary Table S1. The heralding efficiency (ηH) is shown for a single SFWM source. Each row corresponds to an
average pump power, while the columns indicate the temporal window applied with the FPGA coincidence counting program.
The two source experiments were run using a pump power of 80 mW whilst the three source experiments were run using a
pump power of 135 mW.
0.8 ns 1.8 ns 3.3 ns 4.9 ns
80 mW 30.3% 28.3% 24.7% 22.7%
120 mW 28.3% 28.6% 25.5% 23.8%
160 mW 21.5% 28.1% 26.0% 24.3%
photon emission. The dependence of ηH on these parameters in Table S1 is more complicated. The highest value is obtained for the lowest
pump power and tightest temporal filtering. There isn’t a monotonic decrease in ηH for increasing powers and temporal windows since
more noise photons in the heralded idler mode actually increase ηH . However, the heralded state is not the desired single photon but
rather a mixed state over the SFWM idler and noise. In our experiments, we therefore implement tight temporal filtering and moderate
pump powers to simultaneously attain high ηH and low g
(2)
H (0). Minor changes to the optical alignment were made between the data
taken in Tables S1-S2 and the main text. While these tables still effectively quantify the effectiveness of spectral and temporal filtering,
specific values for a given pump power and coincidence window are slightly different from those in the main text due to minor changes in
optical alignment.
SOURCE HOMOGENEITY
A goal of our experiment was to fabricate multiple identical SFWM sources on the same chip. We measure the SFWM spectra from
many guides on the same chip as one test to assess if this was achieved. Source variation manifests as a change in the spectral position of
the signal and idler. Attempting to measure and compare just λs or λi between sources revealed errors dominated by small shifts in λp
between measurements. We therefore measure λi − λs which is insensitive to these small pump instabilities.
Figure S5 shows the results of this SFWM source homogeneity test. The waveguides were UV-written in the order shown in Figure S5,
with guide 1 written first. The majority of the waveguides are very closely matched. Performing a spectral overlap calculation between
all possible pairs of sources yields a mean 91% overlap with a standard deviation of 2.3%. From the figure, we find that waveguides 1− 4
exhibited a much larger λi − λs than the remaining guides. By excluding these waveguides we find the spectral overlap between the
remaining 18 sources increases to 98 ± 0.4%. The physical cause for this deviation amoung guides 1 − 4 remains uncertain, but is rare
and was not observed on other UV-written chips. The remainder of the sources are well-matched with a slowly decreasing birefringence
farther into the writing process. There are at least two possible causes for this gradual drift. Non-uniformity in the wafer from which
this chip was diced could gradually change the stress, and thus the birefringence, across the chip. Secondly, hydrogen is diffused into the
chips to enhance their photosensitivity, this hydrogen gradually outgasses over the course of the writing processes causing the magnitude
of the UV-induced index change to decrease over time. These minor variations aside, the availability of many sources with nearly-identical
spectra was more than sufficient for our experiment to proceed. All results presented in the main text are from guides 5-9.
Supplementary Table S2. The heralded second-order correlation g
(2)
H (0) is shown for a single SFWM source.
0.8 ns 1.8 ns 3.3 ns 4.9 ns
80 mW 0.032 0.065 0.118 0.154
120 mW 0.062 0.099 0.156 0.196
160 mW 0.105 0.144 0.197 0.248
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Supplementary Figure S5. The uniformity of UV-written SFWM sources is quantified by measuring λi − λs for 22 different
guides on the same chip. The errorbars represent the 1− σ widths of each marginal spectrum. The phasematched wavelengths
are determined by a Gaussian fit to the background subtracted data. A representative set of background-subtracted data is
shown in the insets for five of the sources. All spectra are measured shortly after first exposure to the pulsed pump laser and
are thus independent of the spectral shift effect discussed below. The main text discusses the results of guides 5-22 on this plot
(18 waveguide sources total)
Pumping our UV-written SFWM sources for extended periods of time causes a gradual decrease in the signal and idler detuning from
the pump. Figure S6 shows this spectral shift for two waveguides, each of which are pumped with the same average power over the course
of several days. This spectral shift does not occur when the guides are pumped with a continuous wave source of equivalent power and
center wavelength. This indicates the shift is related to the high peak intensities present in the waveguide when an ultrashort pulsed pump
is used. We hypothesize that the proximity of our pump wavelength, 736 nm, to a subharmonic of the absorption feature at 240-250nm
targeted by the UV-writing process may play a role. It is possible that multi-photon absorption from the pulsed pump at 732 nm may
modify the photosensitive silica through the same mechanism as that used to fabricate the waveguides.
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Supplementary Figure S6. The UV-written SFWM sources demonstrate a gradual shift in the signal and idler wavelength
after being pumped for an extended period of time. We quantify this shift by periodically measuring λi − λs for two sources
(brown/green) that are each pumped with the same average power ultrashort pulsed pump. The insets show representative
signal (blue) and idler (red) spectra at the start (solid) and finish (dotted) of the annealing run. This spectral variation shows
a polarization dependence; pumping the fast axis of the guide, where SFWM is not phase-matched, leads to an increase in
λi − λs.
Before each interference experiment, we separately pump all involved sources until they spectrally match one another. This procedure
is used to correct for sources which are pumped different amounts of time during experimentation in order to replicate the inter-source
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homogeneity shown in Figure S5 immediately after fabrication. During subsequent periods of extended use, Figure S6 demonstrates that
the signal and idler spectra remain well-matched between multiple sources despite gradually shifting in time. In other words, while the
phasematched wavelengths slowly shift, they do so consistently from guide to guide and thus high-visibility interference experiments can
run for days as sources remain spectrally matched throughout. Importantly, we have noted that this spectral shift is not the limiting factor
in stability when running sources for extended periods of time. For example, spatial mode coupling and the optical path length matching
degrade more quickly than the spectral match.
The main motivation for pursuing UV-written SFWM sources was to achieve excellent inter-source homogeneity to allow high-visibility
HOM interference. The excellent initial source uniformity in Figure S5 and the repeatable annealing demonstrated in Figure S6 show that
this goal is achievable
MODELING INTERFERENCE VISIBILITIES
In this section we describe the numerical model used to simulate the expected click statistics from the fiber tritter considered in this
work. There are three main sources of experimental error we account for in our model: photon distinguishability, photon state purity and
higher-order SFWM pair emission.
Pure state distinguishability
We first calculate the output state probabilities associated with the tritter when partially distinguishable photons are sent in. We use a
method based on matrix permanents to calculate the transition probabilities associated with specific input and output states. Although this
method has been used previously in the modeling of multi-photon interference [4, 5], in these cases the effects of partially distinguishable
input photons were treated separately and added on to the model. In this work we instead implement a recently developed modification [6]
to this method which includes the effects of partial distinguishability from the beginning.
Following the treatment presented in reference [6], we consider n photons prepared in the input of a scattering setup characterized by
a unitary m×m matrix U . The initial distribution of particles is defined by the mode occupation list ~r = (r1, . . . , rm), where rj photons
populate input mode j. Our aim is to calculate the probability that we will find the photons in a specific output state, ~s = (s1, . . . , sm).
In a similar fashion to previous work involving the matrix permanent, unoccupied input and output ports have no effect on the calculated
probabilities and so we need only work with the effective scattering matrix, M , which is formed as a sub-matrix of U by taking rows and
columns of the populated modes:
M = U~d(~r),~d(~s), (S1)
where the mode assignment lists, ~d = (d1, . . . , dn) indicate the mode in which the jth photon resides. We now consider the effect of
distinguishability between the input photons. We pool all possible distinguishing degrees of freedom of the photon in the jth input mode
into an internal state, |Φj〉 and assume all particles in the same input spatial mode are identical. Therefore, |Φj〉 contains all the information
that may potentially allow one to distinguish the photon in mode j from another in mode k other than the mode number itself - this
includes all of frequency, time and polarisation. This mutual distinguishability information is encoded in the hermitian positive-definite
n× n distinguishability matrix,
Sj,k =
〈
Φdj(~r)
∣∣∣Φ
dk(
~r)
〉
(S2)
where Sj,j = 1. With these definitions it can be shown [6] that the probability of an output event ~s given an input state ~r described by a
distinguishability matrix S is given by the multi-dimensional tensor permanent:
PS(~r, ~s) = N × perm(W ) = N
∑
σ,ρ∈sn
n∏
j=1
Wσj ,ρj ,j , (S3)
where the n3-dimensional three-tensor is defined as
Wk,l,j = Mk,jM
∗
l,jSl,k, (S4)
and σ, ρ represent permutations of the output state, ~s, and A∗σ,ρ denotes the complex conjugate of matrix A with rows permuted according
to σ and columns permuted according to ρ. The normalisation factor, N = 1/(Πjsj !rj !) is necessary to account for the possibility of
multiply occupied input and output modes.
Mixed state inputs
This formalism can be straightforwardly extended to mixed input states by replacing the scalar products that appear in the matrix
definition of the distinguishability matrix (given in equation (2)), by their ensemble average. We assume that the input photons are
uncorrelated in any of their internal degrees of freedom (as is expected for three independently heralded photons) so that we can express
each photon entering the jth occupied mode as being in the internal state
∣∣Φj,k〉 with probability pj,k,
%ˆj =
R∑
k=1
pj,k
∣∣Φj,k〉〈Φj,k∣∣ , (S5)
with R describing the maximal number of states in any pure-state decomposition across all input photons. The above expression for the
event probability is then simply modified so that equation (3) becomes:
P
[~ˆ%]
(~r,~s) =
R∑
k1,...,kn=1
 n∏
j=1
pj,kj
PS[~k](~r, ~s), (S6)
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where S[~k] defines a particular S-matrix given by:
Sj,l[~k] =
〈
Φj,kj
∣∣∣Φl,kl〉 . (S7)
Higher-order pair emission
Ideally, in our experiment, the input state remains fixed since we always want to inject three, single photon Fock states into each of
the three input ports of the fibre tritter. Therefore we would set ~r = (1, 1, 1) (→ ~d = (1, 2, 3)) and compute the probability for each of the
three output terms we are interested in, namely, ~s = (1, 1, 1), ~s = (2, 1, 0), and ~s = (3, 0, 0) (→ ~d = (1, 2, 3), ~d = (1, 1, 2), ~d = (1, 1, 1)) using
the expression given in equation (6).
However, we do not generate ideal single photon states since our sources are contaminated by higher-order photon pair terms. If we
assume (for the purpose of this section) that our source is spectrally single mode, we can simply write down the two-mode squeezed state
that is generated within our waveguided source:
|ψ〉SFWM =
√
1− |λ|2
∞∑
n=0
λn |ns, ni〉 (S8)
where s and i denote signal and idler modes and λ is a generalised squeezing parameter determined by the pump power and strength of
the χ(3) non-linearity in silica. In our experiment, we herald on the signal mode in order to prepare approximate single photon Fock states
in the idler mode. However, in practice our source, filters and accompanying optical setup have losses, and the heralding detector does
not have unit efficiency and cannot resolve the number of photons in the signal mode. We let ηs be the global loss on the heralding signal
mode which accounts for all of these effects (including detector efficiency), and ηi be the loss associated with the source on the idler mode
- i.e. ηi accounts for all losses from the source up until the fibre tritter. The effect of this loss (after tracing over the loss modes) is to
transform the ideal state in equation (S8) into a binomial distribution over photon numbers [7]:
ρˆSFWM =
(
1− |λ|2)
 ∞∑
n=0
|λ|2n
n∑
p,k,=0
(n
p
)
ηpi (1− ηi)n−p
(n
k
)
ηks (1− ηs)n−k |pi, ks〉〈pi, ks|
 . (S9)
Starting with this state we now use an APD to herald on the signal mode which reduces the state on the idler mode to:
ρˆi =
trs
(
ΠˆAPDρˆSFWM
)
tr
(
ΠˆAPDρˆSFWM
) , (S10)
where the APD ‘click’ POVM element is given by ΠˆAPD =
∑∞
n=1 |n〉〈n|. We can write this out explicitly in terms of a classical mixture
of input Fock states to our fibre tritter:
ρˆi = A
∞∑
n=1
|λ|2n
n∑
k=0
Cn,k |ki〉〈ki| , (S11)
where we have defined:
A =
(
1− |λ|2) (1− |λ|2 (1− ηi))
|λ|2ηi
, (S12)
Cn,k =
n∑
p=1
(n
p
)
ηpi (1− ηi)n−p
(n
k
)
ηks (1− ηs)n−k. (S13)
The input to the fibre tritter consists of three such heralded states, ρin = ρ
(1)
i ⊗ ρ(2)i ⊗ ρ(3)i , so that the lowest order terms (n = 1) in our
input state contains terms that go as |λ|6. In our model we keep all terms up to |λ|10, which is sufficient to obtain an error of less than
1% when λ2 ∼ 0.01 as is the case in our experiment.
For example, expanding up to n = 3 for each of the input terms and grouping photon numbers we have:
ρˆi(n = 3) = A3
(
(|λ|2C1,0 + |λ|4C2,0 + |λ|6C3,0) |0〉〈0|+ (|λ|2C1,1 + |λ|4C2,1 + |λ|6C3,1) |1〉〈1|+ (|λ|4C2,2 + |λ|6C3,2) |2〉〈2|+ (|λ|6C3,3 |3〉〈3|)
)
.
(S14)
When we compute the tensor product of this state to derive our three photon input we would be left with 43 = 64 separate terms to
compute. However, since we post-select on measuring three-photons after the tritter we can ignore all of those terms which contain less
than a total of three photons at the input (since the probability for this event from equation (6) is trivially zero). We also ignore all of
those terms of order |λ|12 and above. This reduces the number of actual possible input states we must worry about to 22. Because we
have assumed there are no correlations between the initial input modes, we simply perform the calculation for all possible 22 input states,
and calculate all possible output state probabilities that could have led to a successful coincidence outcome using equation (6) to also
account for the effects of modal distinguishability and mixedness.
For example, one of the error terms from higher order emission leads to the input state |1, 2, 1〉 occasionally being input to the tritter
when the central source emits a double pair. If we are calculating the probability for the output state to be |1, 1, 1〉, during the loop we
then set the input state to ~r = (1, 2, 1) and use equation (6) to calculate the output probabilities for each of the terms which could lead to
us detecting the |1, 1, 1〉 term: ~s = {(2, 1, 1); (1, 2, 1); (1, 1, 2)}. We sum each of these contributions and then move on to the next possible
input state, for example ~r = (2, 1, 0) and repeat. The final probability is then calculated by summing the contributions from each possible
input state and weighting them by the appropriate coefficient given in equation (11).
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Experimental parameters for final model
To use this model to make predictions of our experiment we need to make estimates for the various parameters that enter into the
expressions derived in the previous section.
• Unitary matrix, U: We found that within our experimental precision (about 5%), our fibre tritter implements the ideal operation
and equally splits each input mode across all three output modes. We also assumed negligible loss within the fibre tritter since
we were unable to accurately measure this independent of the connector losses on both input and output ports. Therefore we
assumed the fibre tritter itself was well-described by a unitary matrix. All 3 × 3 unitary matrices can be fully characterised (up
to unimportant input and output phases) using only knowledge of the splitting ratios of all input ports [? ], which allows us to
immediately write down our unitary transformation without having to characterise the internal phases:
U = 1√
3
1 1 11 ei2pi/3 ei4pi/3
1 ei4pi/3 ei2pi/3
 . (S15)
• Photon purity matrix, S[k]: Full quantum state tomography in every degree of freedom is difficult to implement experimentally
for single photons, and in fact has never been fully demonstrated. Instead, we make a number of simplifying assumptions that
allows us to make a good approximation to the description of the photon distinguishability / purity matrix S[k]. First, we assume
each photon can be decomposed into a classical mixture across two orthogonal modes (i.e. setting R = 2 in equation (5)):
ρˆin = p |ψ〉〈ψ|+ (1− p) |ψ〉⊥⊥ 〈ψ| (S16)
where p is related to the purity of the photon through P = tr(ρ2) = 2p2 − 2p + 1. Our first step is to estimate the purity of each
photon, and so recover the coefficients required in equation (6). One particularly convenient method for measuring the purity is to
make a measurement of the second-order auto-correlation of the idler mode, g
(2)
ii (0) [9]. A pure two-mode squeezed state will show
thermal statistics (g
(2)
ii (0) = 2) on its marginal modes. However, if there is any mixture (in any degree of freedom) this will show
up as a decrease in the g
(2)
ii (0) toward 1.
Whilst other experiments have managed to use this method [9, 10], we were not able to make accurate marginal measurements
of g
(2)
ii (0) because of the presence of uncorrelated noise on each of the marginal photons as explained in section . With improved
temporal filtering we anticipate being able to make this measurement on our source by counting in coincidence with the pump laser
pulse.
Instead, for the purpose of this model, we use the theoretically expected purity. Since we use single spatial mode waveguides
and perform polarisation filtering, we expect to have mixture only in the spectral degree of freedom. Using the known dispersion
properties of silica, together with the measured birefringence of our waveguide and the shape and position of the spectral filters, we
can compute the theoretical joint spectral amplitude for our source [11]. Taking the singular-value-decomposition of this function
directly returns the expected source purity, which we calculate as P = 0.97. We further assume that this purity is identical for all
three photons.
The entries of the S-matrix depend only on the overlap between the single photon states (see equation (2)) and so we let the first
photon fully define the first basis mode (including spatial, spectral and polarisation modes) and parameterise the other two photons
with respect to the first photon so that the six relevant photon wavefunctions become:
|ψ1〉 = (1, 0) |ψ1〉⊥ = (0, 1) (S17a)
|ψ2〉 = (cos(α), sin(α)) |ψ2〉⊥ = (sin(α),− cos(α)) (S17b)
|ψ3〉 = (cos(β), sin(β)) |ψ3〉⊥ = (sin(β),− sin(β)). (S17c)
We can now estimate the parameters α and β by looking at the visibility of the measured two-photon HOM dips presented in the
main figure 2. The visibility is given by V = tr(ρ1ρ2), and if we already know the purity of both photons (i.e. we know that
tr(ρ21) = tr(ρ
2
2) = P = 0.97), then we can infer the value of α and β from the value of visibility of the HOM-dips between photons
1 and 3 and photons 1 and 2 as is done in the main text. The relevant measurements are shown at the bottom of figure 4 as results
‘1&4’ and ‘1&5’ (since in this measurement, sources [‘1’,‘2’,‘3’,‘4’,‘5’] correspond to waveguides [‘20’,‘18’,‘19’,‘21’,‘22’] respectively.
The three sources used in the main experiment are using guides 20,21 and 22). The background-subtracted visibility for both of
these measurements is 0.957 leading to cos2(α) = cos2(β) = 0.98.
We now have all the information needed to compute the 23 = 8 necessary S-matrices in equation (6).
• Signal mode loss, ηs: Since we define the loss of the signal mode to include all the effects from photon production through to
detection, a Klyshko-style efficiency measurement is all that is required [12]. Following the procedure outlined in ref [13], we obtain
an average efficiency on the signal arm of each source of ηs = 0.31± 0.02.
• Idler mode loss, ηi: This efficiency is only defined up until the point of the fibre tritter. Therefore we must remove the effects
of detector efficiency from the Klyshko measurement of this channel efficiency. Using the manufacturers estimated efficiency of the
detectors used in this arm we estimate that ηi = 0.55 ± 0.05 (the increased uncertainty is due to our imperfect knowledge of the
detector efficiency).
• Squeezing parameter, λ: A convenient property of the heralded second-order correlation function, g(2)si (0), is that it is not
affected by loss. We can make an easy measurement of this function using only a fibre beam splitter on one arm of the source. This
is related to the squeezing parameter of the source through the simple relation [11]:
λ2 = g
(2)
si (0)
ηs
2(1− (1− ηs)2)
. (S18)
Using this relation and our knowledge of the herald arm efficiency, ηs we determine that λ2 = 0.025± 0.002.
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Using these estimated parameters we compute the expected three-photon probabilities for each of the output terms we are interested
in at both the position of zero temporal delay, and when photon 1 is infinitely delayed by setting all entries of the S-matrix containing
the |ψ1〉 terms to zero. We use these probabilities to compute the expected interference visibility from which we can directly compare to
the experiment as we do in the main text figure 3. An estimate of the error on this simulation is given by using a Monte-Carlo method
to calculate 1000 instances of the probabilities, drawing the model parameters for each run from a Gaussian distribution centered at the
measured values and with a standard deviation given by the errors on each model parameter.
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